Aims/hypothesis Glucagon-like peptide-1 (GLP-1), a member of the proglucagon-derived peptide family, was seen to exert favourable actions on cardiovascular function in preclinical and clinical studies. The mechanisms through which GLP-1 modulates cardiovascular function are complex and incompletely understood. We thus investigated whether the GLP-1 analogue, liraglutide, which is an acylated GLP-1, has protective effects on vascular endothelial cells. Methods Nitrite and nitrate were measured in medium with an automated nitric oxide detector. Endothelial nitric oxide synthase (eNOS) activation was assessed by evaluating the phosphorylation status of the enzyme and evaluating eNOS activity by citrulline synthesis. Nuclear factor κB (NF-κB) activation was assessed by reporter gene assay. Results Liraglutide dose-dependently increased nitric oxide production in HUVECs. It also caused eNOS phosphorylation, potentiated eNOS activity and restored the cytokineinduced downregulation of eNOS (also known as NOS3) mRNA levels, which is dependent on NF-κB activation. We therefore examined the effect of liraglutide on TNFα-induced NF-κB activation and NF-κB-dependent expression of proinflammatory genes. Liraglutide dose-dependently inhibited NF-κB activation and TNFα-induced IκB degradation. It also reduced TNFα-induced MCP-1 (also known as CCL2), VCAM1, ICAM1 and E-selectin mRNA expression. Liraglutide-induced enhancement of nitric oxide production and suppression of NF-κB activation were attenuated by the AMP-activated protein kinase (AMPK) inhibitor compound C or AMPK (also known as PRKAA1) small interfering RNA. Indeed, liraglutide induced phosphorylation of AMPK, which occurs through a signalling pathway independent of cyclic AMP. Conclusions/interpretation Liraglutide exerts an antiinflammatory effect on vascular endothelial cells by increasing nitric oxide production and suppressing NF-κB activation, partly at least through AMPK activation. These effects may explain some of the observed vasoprotective properties of liraglutide, as well as its beneficial effects on the cardiovascular system.
Introduction
Glucagon-like peptide-1 (GLP-1), a member of the proglucagon-derived peptide family, is a 30-amino acid gut hormone. It is secreted in a nutrient-dependent manner, stimulating insulin secretion and inhibiting both glucagon secretion and gastric emptying, thereby reducing postprandial hyperglycaemia [1, 2] . GLP-1 has been shown to have favourable cardiovascular effects in preclinical and clinical studies. Thus it has been reported that GLP-1 has cardioprotective and vasodilatory effects in mice [3] . The same group also reported that a GLP-1 receptor agonist called liraglutide activates cytoprotective pathways and improves outcomes after experimental myocardial infarction in mice [4] . A beneficial vascular effect of GLP-1 has also been reported in humans with type 2 diabetes and stable coronary artery disease [5] . The mechanisms through which GLP-1 influences cardiovascular function are complex and incompletely understood. We therefore investigated whether the GLP-1 analogue, liraglutide, which is an acylated GLP-1, has protective effects on vascular endothelial cells. We also investigated the potential mechanism of its action.
Methods
Cell culture Human umbilical vein endothelial cells were obtained from Clonetics (San Diego, CA, USA) and cultured in EGM2 medium supplemented with 2% (vol./ vol.) fetal calf serum in the standard fashion. The cells in this experiment were used within three to four passages and were examined to ensure that they demonstrated the specific characteristics of endothelial cells. SV40 transformed endothelial cells (SVEC4) (murine endothelial cell line; ATCC, Rockville, MD, USA [6] ) were also cultured in DMEM containing 10% (vol./vol.) fetal calf serum and used to measure nuclear factor κB (NF-κB) activation.
Western blot analysis HUVECs were lysed using cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA) containing 1 mmol/l phenylmethyl sulfonyl fluoride. Samples of HUVEC lysate were resolved on SDS-PAGE according to a standard protocol. After being transferred to membranes, the samples were immunoblotted with primary antibodies, followed by secondary antibodies conjugated to horseradish peroxidase. Bands were revealed using an enzyme-linked chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ, USA) and band density was quantified using an analyser (LumiVision; Aisin, Kariya, Japan). The following primary antibodies were used: anti-phospho-Ser-1177 endothelial nitric oxide synthase (eNOS) antibody, anti-AMP-activated protein kinase (AMPK) antibody, anti-phospho-Thr-172 AMPK antibody, anti-IκBα antibody, anti-phospho-IκBα antibody (all from Cell Signaling) and anti-eNOS monoclonal antibody (BD Biosciences, San Jose, CA, USA).
NF-κB activation To study NF-κB activation, SVEC4 cells were stably transfected with a cis-reporter plasmid containing the luciferase reporter gene linked to five repeats of NF-κB binding sites (pNFκB-Luc; Stratagene, La Jolla, CA, USA), as previously described [7] . For this, the pNFκB-Luc plasmid was transfected together with a pSV2neo helper plasmid (Clontech, Palo Alto, CA, USA) into SVEC4 cells using a transfection reagent (FuGEN 6; Boehringer Mannheim, Mannheim, Germany). The cells were then cultured in the presence of G418 (Clontech) at a concentration of 500 μg/ml and the medium replaced every 2 to 3 days. Approximately 3 weeks after transfection, G418-resistant clones were isolated using a cloning cylinder and analysed individually for expression of luciferase activity. Several clones were also selected for analysis of NF-κB activation. Luciferase activity was measured using a luciferase assay kit (Stratagene). We also measured changes in the levels of NF-κB p50 and p65 in nuclear extracts from HUVECs using a transcription factor assay kit (Active Motif Japan, Tokyo, Japan). Nuclear extracts were prepared with a nuclear extraction reagent (NE-PER; Pierce, Rockford, IL, USA), after which p50 and p65 were quantified using recombinant NF-κB p50 and p65 protein (Active Motif) as the standard.
Real-time PCR of HUVECs mRNA For quantitative measurement of mRNA, 2 μg of total RNA was treated with DNase I for 15 min and subsequently used for cDNA synthesis. Reverse transcription was performed using a preamplification system (SuperScript; Gibco BRL, Gaithersburg, MD, USA) with random oligonucleotide primers. For details of the primer sequences see Electronic supplementary material (ESM) Table 1 . A typical reaction (50 μl) contained 1/50 of RT-generated cDNA and 200 nmol/l of primer in 1× SYBR Green RealTime Master Mix (Toyobo, Tokyo, Japan) buffer. The PCR reactions were carried out in a LineGene system (BioFlux, Tokyo, Japan) under the following conditions: 95°C for 5 min, followed by 40 cycles at 95°C for 15 s, 60°C for 15 s and 72°C for 30 s.
Statistical analysis Data are presented as the mean ± SEM. Multiple comparisons were evaluated by ANOVA followed by Fisher's protected least significant difference test. A value of p<0.05 was considered statistically significant.
Results
Liraglutide increases nitric oxide production in HUVECs Incubation of HUVECs with liraglutide (0.01 to 100 μg/ml) for 3 h increased the concentration of bioactive nitric oxide in the supernatant fraction of the cells (as measured by NO 2 and NO 3 levels) in a concentration-dependent manner (Fig. 1a) . Examination of the time course for liraglutide (1 μg/ml) showed a substantial increase in nitric oxide production for 3 h, after which a modest elevation was observed (4-5 h) (Fig. 1b) . eNOS activity, measured in terms of citrulline production, was observed to increase with liraglutide (1 μg/ml) treatment, which was attenuated by the AMPK inhibitor compound C (Fig. 1c) .
Liraglutide causes eNOS phosphorylation in HUVECs eNOS phosphorylation was observed as early as 5 min after administration of liraglutide (1 μg/ml), reaching a maximum after 10 min in HUVECs. Following a similar time course, phosphorylation of AMPK and its downstream target, acetyl-CoA carboxylase was observed (Fig. 2a) , but no Akt phosphorylation (data not shown). eNOS phosphorylation by liraglutide was attenuated by the AMPK inhibitor compound C, but not by the phosphoinositide-3-kinase (PI3K)/Akt inhibitor LY2294002 or the protein kinase A (PKA) inhibitor KT5720 (Fig. 2b) . Liraglutideinduced phosphorylation of AMPK was not affected by cotreatment with an adenylate cyclase inhibitor, SQ 22536, or a cell-permeable cyclic AMP analogue (Fig. 2c) .
Liraglutide preserves TNFα-induced downregulation of eNOS mRNA Incubating HUVECs with TNFα markedly decreased eNOS mRNA levels, which was partially inhibited by co-treatment with an NF-κB inhibitor, BAY11-7082, which is known to selectively and irreversibly inhibit cytokine-induced IκB phosphorylation [8] , suggesting that eNOS mRNA downregulation by TNFα may be at least partly NF-κB-dependent. Liraglutide attenuated the TNFα-mediated reduction in eNOS mRNA in a dose-dependent manner (Fig. 3) .
Liraglutide inhibits cytokine-induced NF-κB activation We initially examined the effect of incubating liraglutide with TNFα for 2 h on NF-κB activation in SVEC4 cells. TNFα induced a sevenfold increase in NF-κB-mediated reporter gene expression. Liraglutide dose-dependently suppressed TNFα-elicited activation of NF-κB ( Fig. 4a-e) . We then examined the effects of compound C or AMPKα1 (also known as PRKAA1) small interfering RNA (siRNA) on liraglutide-induced inhibition of NF-κB activated by TNFα. Inhibition of NF-κB by liraglutide was significantly attenuated in compound C-treated cells (Fig. 4a ) or siRNA-transfected cells (Fig. 4d,e) . We also examined the effect of exendin(9-36), a classic GLP-1 receptor antagonist, on liraglutide-induced inhibition of NF-κB. This had no effect on inhibition of NF-κB, suggesting that the effect of liraglutide may have been mediated through a pathway independent of the GLP-1 receptor (Fig. 4f,g ).
We then determined whether TNFα-induced NF-κB activation might occur through phosphorylation and subsequent degradation of IκB in HUVECs. To determine whether TNFα might induce IκBα phosphorylation, western blot analysis using antiphospho-Ser32 of the IκBα antibody was performed. TNFα was observed to induce IκB phosphorylation within 10 min, with reduced levels of (Fig. 4d,e) . The blot was then re-probed with anti-IκB antibody, producing evidence of significant degradation within 10 to 30 min. After this, IκB synthesis was reactivated, possibly by NF-κB, at 60 min (Fig. 4d,e) . Next, the effect of liraglutide on TNFα-induced IκBα degradation was determined 15 min after exposure to TNFα. Liraglutide dose-dependently inhibited TNFα-induced IκBα degradation, thereby suppressing NF-κB activation (Fig. 4d,e) .
We also measured p50 and p65 in nuclear extracts from untreated HUVECs and in those extracts treated with TNFα in the presence and absence of liraglutide. Both p50 and p65 were markedly increased from very low levels by 30 min after stimulation with TNFα. This increase was significantly inhibited by liraglutide (Fig. 4f,g ).
Liraglutide inhibits high glucose-elicited NF-κB activation SVEC4 cells were incubated for 24 h with normal glucose (5.5 mmol/l) or high glucose (27.5 mmol/l), and were incubated for an additional 2 h in the absence and presence of TNFα to measure NF-κB activity. In each condition, the effect of liraglutide on NF-κB activation was examined. Incubation with high glucose caused higher NF-κB activity than with normal glucose, which was significantly inhibited by liraglutide. Similarly, high glucose enhanced TNFα-induced NF-κB activation in normal glucose, which was also attenuated by liraglutide (Fig. 5) .
Liraglutide inhibits VCAM1, ICAM1, E-selectin and MCP-1 mRNA induction in HUVECs Incubation for 24 h with TNFα substantially induced expression of VCAM1, ICAM1, E-selectin and MCP-1. Induction of TNFα-induced gene expression was markedly suppressed by co-treatment with an NF-κB inhibitor, BAY11-7082 (not shown). Liraglutide (1 μg/ml) significantly inhibited TNFα-induced expression of these genes (Fig. 6a) . Dose-dependent inhibition of NF-κB activation by aminoimidazole carboxamide ribonucleotide (AICAR) was observed when AICAR was added to cells 1 h before TNFα (Fig. 6b) . AICAR at 1 mmol/l completely suppressed NF-κB activation. We next examined the effect of AICAR (0.5 mmol/l) on VCAM1, E-selectin, ICAM1 and MCP-1 mRNA levels. Those mRNA levels upregulated by TNFα were significantly attenuated by AICAR (Fig. 6c-g ). However, GLP1R mRNA expression was not affected by AICAR treatment in the presence and absence of TNFα.
Discussion
This study demonstrated that liraglutide induces nitric oxide production and inhibits TNFα-induced NF-κB activation in vascular endothelial cells. This conclusion is based on the finding that liraglutide caused eNOS phosphorylation and potentiated eNOS activity in HUVECs. Second, liraglutide inhibited TNFα-induced NF-κB activation and the NF-κB-dependent expression of various genes encoding inflammatory and cell adhesion molecules, including vascular cell adhesion molecule-1, E-selectin, intercellular adhesion molecule-1 and monocyte chemoattractant protein-1. This d HUVECs were incubated with TNFα for 0 to 120 min. The cells were lysed and subjected to western blot analysis using anti-IκB-α and anti-phospho-IκB-α antibodies. e Effect of liraglutide on IκB-α degradation in HUVECs. Cells were incubated for 30 min with liraglutide (0.1 to 10.0 μg/ml), followed by TNFα for 15 min. Cells were then lysed and subjected to western blot analysis using anti-IκBα antibody. f, g HUVECs were stimulated with TNFα in the presence or absence of liraglutide (Lira1 1 μg/ml, Lira10 10 μg/ml) for 30 min, and NF-κB p65 (f) or p50 (g) subunits were quantified within nuclear extracts using a transcription factor assay kit. Results represent the mean ± SEM (n=4). *p<0.05, **p<0.01
effect of liraglutide was also observed in the presence of high glucose. In addition, liraglutide restored cytokineinduced downregulation of eNOS mRNA. These data suggest that, in addition to lowering glucose levels, liraglutide might play a protective or anti-inflammatory role in the vessels of patients with type 2 diabetes.
We demonstrated AMPK activation by liraglutide in HUVECs and examined whether this might be associated with an increase in nitric oxide production. eNOS phosphorylation was seen to follow the same time course as AMPK activation. eNOS phosphorylation by liraglutide was attenuated by the AMPK inhibitor compound C, but not by the PI3K/Akt inhibitor LY2294002 or the PKA inhibitor KT5720. eNOS activation by liraglutide was also attenuated by compound C. Thus, AMPK activation by liraglutide could be an upstream effect of eNOS phosphorylation and activation. We also showed that liraglutide inhibits cytokineinduced NF-κB activation, which was restored by compound C or AMPK siRNA treatment. An AMPK activator, AICAR, was observed to suppress cytokine-induced NF-κB activa- NF-κB activation (URL) 
tion in vascular endothelial cells as well as in other type of cells [9, 10] . In the present study, we showed that AICAR suppresses cytokine-induced NF-κB activation, leading to inhibition of proinflammatory genes. However, AICAR had no effect on GLP-1R mRNA levels in the absence and presence of TNFα. These data suggest that AMPK activation by liraglutide might be responsible for inhibition of cytokineinduced NF-κB activation. GLP-1 is widely believed to exert its actions through a distinct heptahelical G protein-coupled receptor (GLP-1 receptor), which is functionally associated with adenylate cyclase through the stimulatory Gs [11, 12] . GLP-1 may increase intracellular cyclic AMP (cAMP) and activate PKA, thereby increasing insulin secretion in beta cells. GLP-1 receptor has been shown to exist in HUVECs [13] . Thus, we examined whether cAMP might be associated with liraglutide-induced activation of AMPK. We found that phosphorylation of AMPK with liraglutide was not affected by co-treatment with an adenylate cyclase inhibitor SQ 22536 and that a cell-permeable cAMP analogue pCTP-cAMP did not cause AMPK phosphorylation and had no effect on liraglutide-induced phosphorylation of AMPK. GLP-1 is also thought to activate the PI3K/Akt pathway through epidermal growth factor receptor via GLP-1 receptor activation in beta cells [14] . However, the vascular effect of liraglutide was not altered by the PI3K/Akt inhibitor LY2294002. Thus, AMPK activation by liraglutide occurs independently of cAMP/PKA or PI3K/Akt to increase nitric oxide and protect against endothelial inflammation. Furthermore, exendin(9-36), a classic GLP-1 receptor antagonist, had no effect on liraglutide-induced inhibition of NF-κB [15] . This beneficial effect of liraglutide might therefore be mediated at least partly through a pathway independent of the GLP-1 receptor.
Two previous reports have implied that GLP-1 analogues might exert anti-inflammatory properties [16, 17] . One of them showed that exendin-4 inhibited interleukin-1β-induced inducible nitric oxide synthase at the protein level in RINm5F beta-cells [16] . The other report demonstrated that exendin-4 inhibits monocyte adhesion to endothelial cells and attenuates atherosclerotic lesions in apolipoprotein E-deficient mice, in which exendin-4 suppressed NF-κB activation in macrophages [17] . In both reports, the antiinflammatory effect was reversed by cAMP inhibitor or a protein kinase A inhibitor, suggesting that this effect of GLP-1 analogues is mediated through the GLP-1 receptor. However, the present study suggests that the beneficial effect of liraglutide might be mediated through a pathway independent of the GLP-1 receptor. This difference might have been caused by the different cell type studied, but remains to be elucidated. It has been shown that GLP-1(9-36)amide, to which GLP-1(7-36)amide is rapidly metabolised by the enzyme dipeptidyl peptidase-4 (DPP-4), is a cyclic GMP-producing vasodilatory molecule capable of cardioprotective effects in hearts isolated from Glp1r knockout mice (Glp1r −/− ) [3] . This implies the existence of an alternative receptor for GLP-1(9-36)amide. Furthermore, suppression of the cardioprotective and vasodilatory effects of GLP-1 by the DPP-4 inhibitor sitagliptin suggests that GLP-1(9-36)amide may function as a key intermediary in a subset of the cardiovascular effects of GLP-1 [3] . Thus, it is possible that the beneficial effect of liraglutide might be mediated through the possible receptor for GLP amide, but this awaits clarification. Native GLP-1 is a polypeptide that undergoes rapid metabolism by DPP-IV and, in addition, is rapidly cleared by renal elimination [18] . The half-life after intravenous or subcutaneous administration in humans has been reported to be ∼5 min [19] . Liraglutide has been reported to show an elimination half-life of 8.1 h [19] . This increase in the halflife of liraglutide is most likely to be mediated via a lower susceptibility to metabolism by DPP-IV [20] and a high degree of albumin binding of liraglutide (as has been shown for other fatty acid derivatives [21, 22] ); moreover, after subcutaneous administration, an additional prolongation of the half-life is mediated by slow absorption of liraglutide from the injection site, as evidenced by the further increase in half-life observed with subcutaneous vs intravenous administration. Thus, liraglutide treatment probably induces much higher plasma levels compared with native GLP-1 concentration in plasma [19, 23, 24] . Therefore, the concentration of liraglutide required to produce beneficial effects in HUVECs (0.1 μg/ml=26.6 nmol/l) might be achievable with the therapeutic doses used to treat patients with type 2 diabetes.
We provide a schematic diagram showing how liraglutide could suppress endothelial cell inflammation (see ESM Fig. 1 ). In conclusion, liraglutide exerts an antiinflammatory effect on vascular endothelial cells through increased nitric oxide production and suppression of NF-κB activation, which is at least partly mediated via AMPK activation. These effects may explain some of the observed vasoprotective properties of liraglutide, as well as its beneficial effects on the cardiovascular system. 
